The fate of allelochemicals after their release into the environment and the relationship between the presence of allelochemicals in soil and their phytotoxic activity are not fully understood. This is also true of dehydromatricaria ester (DME), an allelochemical compound produced by Solidago altissima L. The effects of DME on the growth of rice seedlings in agar and soil cultures were compared. The DME concentration which led to 50 % growth inhibition was ten or 20 times greater in soil (100 µg g −" soil) than in agar culture (5 µg ml −" ). Most of the DME was adsorbed to soil solids and little DME was present in soil water. Time-course studies of DME concentration in the soil showed that DME in soil water and adsorbed to soil solids decreased and almost disappeared within about 10 d. Microbial activity must have been involved in DME degradation because the breakdown of DME was slowed by autoclaving the soil. It is concluded that plant growth inhibition in soil depends on the DME concentration of soil water. Lower inhibition of rice seedling growth in soil than in agar at the same initial concentrations of DME is due to the low concentration of DME present in soil water because most DME in the soil is either adsorbed to soil solids or degraded by microbes. Although DME was found in soils with S. altissima (maximum concentration 4n5 µg g −" ), it was not detected in the soil water in natural fields. Therefore, DME released by S. altissima has little allelopathic activity in natural stands.
INTRODUCTION
Allelopathy is the phenomenon whereby chemical(s) produced by a plant are released into the surrounding environment where they affect neighbouring plants. Many potentially allelopathic chemicals have been isolated from plants (Rice, 1984 ; Putnam and Tang, 1986) . In most studies, the allelopathic activities of these chemicals were assayed in water or sand, but allelopathy can be only understood completely by considering the natural environment including soil texture, water, temperature and microbial activities (Thompson, 1985 ; Waller, 1987) . As a result, the fate of allelochemicals in the soil and their role in plant growth inhibition is not yet fully understood ; the need for such information has been highlighted recently (Shibuya, Fujii and Asakawa, 1994 ; Dakshini and Einhellig, 1995 ; Weidenhamer, 1996 ; Bremner and McCarty, 1997) .
Solidago altissima is a perennial weed of the family Asteraceae which grows on previously cultivated fields, roadsides and river banks where it become a dominant species in the early stages of secondary succession. The ecology, growth, propagation and growing environments of the plant have been studied (Enomoto and Nakagawa, 1977 ; Enomoto, 1979 Enomoto, , 1989 , and its phytochemistry because it contains nematicidal (Saiki and Yoneda, 1981) , anti- ‡ For correspondence. Fax j81 298 38 8814, e-mail : yoneyama!narc.affrc.go.jp bacterial (Tsuji, Tani and Ueda, 1977) or ovicidal substances (Kawazu, Ariwa and Kii, 1977 ; Kagn, Kolyvas and Lam, 1984) . Numata and coworkers reported that allelopathy by S. altissima might be involved in the secondary succession after abandoning crop cultivation Numata, 1967, 1968) . Polyacetylenes including dehydromatricaria ester (DME) were isolated from S. altissima and Erigeron species and their phytotoxic activity was studied in agar culture (Kobayashi, Morimoto and Shibata, 1974 ; Kobayashi et al., 1980) . These authors reported high concentrations of cis-DME in rhizomes and roots of S. altissima and found 5-10 µg ml − " inhibited seedling growth of rice (Oryza sati a L.) and hog-weed (Ambrosia artemisiaefolia L. var. elatior Desc.) in agar culture. The concentration of DME (sum of cis and trans DME) found in the soil beneath a S. altissima community was 6 µg g − ", in the range of effective concentrations (Kobayashi et al., 1980) . cis-DME was transformed to trans-DME by light and both DMEs had the same inhibitory activity on plant growth (Kobayashi et al., 1980) . This report suggested that DME released from roots, rhizomes or litter of S. altissima may have an allelopathic effect on neighbouring plants and could be one factor that enables S. altissima to become dominant in the early stages of secondary succession. However, Nakamura and Nemoto (1996) recently reported that only small quantities of DME were released from roots or leached from leaves and stems.
Studies on the fate of allelochemicals in soil have been 0305-7364\98\110625j06 $30.00\0 # 1998 Annals of Botany Company carried out mostly for glycosides, organic acids and phenols but not for lipophilic compounds such as DME (Waller, 1987) . Few studies have investigated the relationship between the fate of allelochemicals in soil and their phytotoxic activity. We believe that studies on the action of herbicides can give valuable insight into plant growth regulation in soil by chemicals including allelochemicals. The major fates of herbicides applied to soils include dissolution in soil water, adsorption to soil solids, degradation by microbes and movement in soil. Many factors such as soil texture, water content, temperature, light and microbial activities may regulate the rates and contributions of these processes and these may be reflected in the plant growth inhibition acitivity (Grover, 1988 ; Grover and Cessna, 1991) . Recently, the relationship between the partitioning of herbicides in soil and their phytotoxic activity was studied intensively, and it was found that the phytotoxic activity of herbicides applied to soils was highly correlated with the concentrations in soil water but not with amounts per whole soil mass (Kobayashi, Onoe and Sugiyama, 1994 ; Kobayashi et al., 1996) . Concentrations of herbicides in soil water were influenced by their adsorption to soil solids, degradation and mobility (Onoe et al., 1995 ; Nakamura, 1996 ; . In the case of phenolic acids, molecules in the soil solution-phase are directly available to affect plant growth and their concentration changes due to plant uptake, microbial degradation, adsorption, desorption and leaching (Dalton, Blum and Weed, 1989) . The objectives of the present study were to clarify the fate of DME, an allelochemical of S. altissima, to investigate the relationship between its fate and growth inhibition activity in soil and to discuss the significance of the allelopathic activity of DME in S. altissima communities.
MATERIALS AND METHODS
Isolation and identification of DME DME used in the present experiment was extracted from the roots and rhizomes of Solidago altissima grown in noncultivated fields in Tsukuba City, Japan by the method of Tsao and Eto (1996) . After washing with tap water, plant tissues were cut into 1 cm sections, dipped five times in 80 % (v\v) methanol, and shaken at 120 rpm at 25 mC for 3 d. The methanol extract was concentrated after filtration (AD-VANTEC GA-200) by vacuum evaporation at 40 mC to one-twentieth of the original volume. To the condensate, 20-fold n-hexane and a little distilled water were added and the mixture was shaken for 10 min. The mixture was left overnight at room temperature to separate the hexane layer ; water was subsequently removed by addition of anhydrous Na # SO % . The hexane fraction was further concentrated to about 10 ml by a vacuum evaporation at about 40 mC. Pale yellow needle crystals appeared in this hexane extract after standing overnight at k20 mC. The crystals were separated by filtration (Whatman GF\C) and identified by thin-layer chromatography (TLC), gas chromatogram-mass spectrometry (GC-MS) and ultraviolet (UV) spectrum measurement.
Soil and DME treatment
For the experiments, an Andosol (volcanic ash soil) (CEC 21me (100 g) − ", C content 34n6 mg g − ", water holding capacity 47n5 %, sand 44 %, silt 34 %, clay 22 %) was taken from an upland field of Kannondai, Tsukuba City, Japan, air dried and sieved through a 2 mm mesh. Half the soil was autoclaved at 121 mC for 20 min three times in 3 d. Distilled water was added to both autoclaved and non-autoclaved soils to give 25 % (v\w) soil water content, and then a solution containing distilled water, acetone, Tween20 and various quantities of DME was added. The final concentrations of acetone, Tween20 and water in the soil were 0n25, 0n01 and 45 % (v\w), respectively.
Effect of DME on plant growth
The effect of DME on the growth of rice (' Nipponbare ') seedlings was examined in agar and soil cultures. The seeds were sterilized with 70 % (v\v) ethanol and 10 % (v\v) H # O # and germinated in sterilized water on a filter paper (ADVANTEC No. 1). In agar culture, germinated seeds were placed on 0n5% (w\v) agar gel containing 0n01 % (v\v) Tween20, 0n25 % (v\v) acetone with various concentrations of DME (0, 1, 3, 5, 7 and 10 µg ml − "). In soil culture, germinated seeds were placed on either autoclaved or nonautoclaved soils treated with 0, 50, 100, 150 and 200 µg DME g − " wet soil as described above.
After 6 d growing on agar or soil cultures with a cycle of 14 h light (about 350 µE m − # s − " at 400-700 nm) at 25 mC and 10 h darkness at 20 mC, the length of the shoot (second leaf) and seminal root was measured. There was no apparent effect of 0n25 % (v\v) acetone and 0n01 % (v\v) Tween20 on the growth of rice in either culture.
Fate of DME in soil
Two experiments were conducted : the first investigated the partitioning of DME in non-autoclaved soil (48 % water) immediately after DME was added to the soil at 0, 5, 10, 25, 50 and 100 µg g − ", as described above. 20 g soil was placed in double tubes and centrifuged at 13 000 g for 30 min as reported by Kobayashi et al. (1994) . DME concentration in the soil water, collected in the outer tube, was determined directly by high performance liquid chromatography (HPLC) according to Matsunaga et al. (1990) . DME in the soil remaining in the inner tube (hereafter referred to as centrifuged soil) was extracted twice with 80 % (v\v) acetone and the extract then analysed for DME by HPLC. The water content of the centrifuged soil was 27n7 %. DME concentrations in the remaining water in the centrifuged soil were assumed to be the same as those in the soil water extracted by centrifugation. DME concentration in the remaining water in the centrifuged soils was then subtracted from that in the centrifuged soils and the amounts of DME adsorbed to soil solids were calculated based on wet (45 % water) or dry soil. The recovery of applied DME in this experiment was between 91 and 95 %.
In the second experiment, time-course changes of DME concentration in soil water and adsorbed to soil solids were determined in autoclaved and non-autoclaved soils. DME was added to soils at concentrations of 50 or 200 mg g − ". After 0, 0n5, 1, 3, 5, 10 and 14 d of incubation at 25 mC in darkness, the soils were centrifuged and separated into soil water and centrifuged soil. DME concentrations in the soil water and amounts of DME in the centrifuged soil were determined as described previously. DME contents in natural soils with S. altissima Soil was collected from two fields in Tsukuba City, Japan where S. altissima was growing on 22 July (vegetative stage), 7 September (flower initiation) and 9 October (flowering) 1997. On those days, soils were passed through a 2 mm sieve to remove plant litter and debris, and put in double tubes to separate soil water and centrifuged soil by centrifugation (13 000 g for 30 min) (Kobayashi et al., 1994) . DME concentrations in the soil water and amounts of DME contained in the soil solid were determined as described above.
Analyses of DME
The composition of HPLC used for DME determination was as follows : main column ; YMC-Pack ODS-AM S-5 mm 150i6 mm I.D., guard column ; YMC cartridge column ODS-AM S-5 mm 23i4n0 mm I.D., pump ; SHI-MADZU LC-10AS, detector ; SHIMADZU SPD-6A operating at 254 nm. Mobile phase was a mixture of acetonitrile and water (3 : 2 v\v), and flow rate was 1 ml min − ". Retention times for cis-DME and trans-DME were 10n7 and 16n6 min, respectively, and detection limit of DME was 0n02 µg ml − ".
GC-MS was performed with a SHIMADZU GCMS-QP1100WA and UV with a BECKMAN DU640 in acetonitrile. For TLC, MERCK silica gel 60 F254 0n25 mm 20i20 cm glass plates were used and the sample was developed with a n-hexane-diethylether mixture (5 : 1 v\v) and detected by a UV lamp (Toshiba F1-3).
RESULTS
GC-MS spectrometric data of crystals from the underground parts of S. altissima showed peaks at MS 172 (main), 144, 113, 101 and 87, and UV absorption in acetonitrile occurred at 244, 254, 281, 318 and 340 nm. These data are identical to the analytical results of DME reported by Tsuji et al. (1977) , Kobayashi et al. (1980) , Saiki and Yoneda (1981) and Tsao and Eto (1996) . One dimension TLC plate with a mixture of n-hexane and diethylether showed two spots having UV absorption at Rf 0n32 and Rf 0n45. The first spot was cis-DME and the second trans-DME (Tsao and Eto, 1996) . The GC analysis of the two spots was also identical to that for authentic cis-DME and trans-DME. In the following study this mixture of cis and trans-DME was used since it is reported that growth inhibition activites of DME do not depend on the form (cis or trans) of DME (Kobayashi et al., 1980) . The content of DME was about 200 mg kg − " fresh underground parts of S. altissima.
The effects of DME on rice seedling growth in agar and 2. Effect of DME on the shoot (#, $) and root ( , ) elongation of rice seedling in autoclaved (#, ) and non-autoclaved ($, ) soils. Values relative to the control (no DME) are shown with s.e. (bars) of three replicates (five plants per replicate). Control shoot and root lengths were 5n3 and 5n8 cm in the non-autoclaved soil and 3n1 and 6n7 cm in the autoclaved soil, respectively.
soil cultures are shown in Figs 1 and 2 , respectively. In agar culture, DME remarkably inhibited rice seedling growth and the 50 % inhibition concentration (I &! ) for shoot and root elongation was between 5 and 7 µg ml − ", being similar to that reported by Kobayashi et al. (1980) . In soil culture, the growth of shoots and roots of rice seedlings was also inhibited by DME to a similar degree but the I &! for shoot and root growth was about 100 µg g − " in the non-autoclaved soil. These concentrations were 20 times higher than those in the agar culture. The inhibition of the seminal root growth in autoclaved soil was more remarkable than that in non-autoclaved soil, with an I &! of about 50 µg g − ", which was roughly ten times higher than the agar culture.
The time-course of DME concentrations in the soil water is shown in Fig. 3 . In both the autoclaved and non- ) µ µ F. 5. Relationship between DME concentration in soil water and the amount of DME adsorbed to soil solids. $, Data from Figs 2 and 3 ; #, data from the experiment in which DME in the soil water was extracted immediately after addition of DME at 0, 5, 10, 25, 50 and 100 µg g −" wet soil.
autoclaved soils, the highest concentration found was around 5 µg ml − " regardless of the DME concentration added to the soils. DME concentration in the soil water only decreased slightly during the first 3 d in all treatments. The DME concentration in the 50 µg DME-treated soil decreased drastically between the third and fifth and between the third and tenth day in the non-autoclaved soil and autoclaved soil, respectively. A sharp decrease in DME in the soil water in the 200 µg DME-treated soil was observed between days 3 and 10 in the non-autoclaved soil, while DME concentrations in the autoclaved soil remained at 5 µg ml − " up to 14 d. Figure 4 also shows the time-course of amounts of DME adsorbed to soil solids. The amount of DME adsorbed to soil solids depended on the concentrations applied. When 50 and 200 µg g − " were applied to the nonautoclaved soil a decrease in DME was observed half a day after the application, and on the tenth day most DME had disappeared from the soil solids. In the autoclaved soil, DME was retained on the soil solids for the first 2n5 d, then the amount decreased slowly. It was shown that the DME concentration in soil water was maintained for a longer period (Fig. 3) and that a larger phytotoxic activity was observed when DME was present in the soil water compartment (Fig. 2) . In Fig. 5 , the relationship between DME concentration in soil water and the amount of DME adsorbed to soil solids was drawn from the results shown in Figs 3 and 4 . The partitioning of DME in soil water and soil solid just after addition of DME to soils is also included in Fig. 5 . Above 50 µg g − ", 5 µg ml − " was the highest concentration of DME found in the soil water regardless of amount of DME added to the soil, and below this content, one-tenth or onetwentieth of the total DME in the soil was partitioned to the soil water compartment. * The average and the range (in parenthesis) of 2-3 analyses are shown. N.D., Not detected (detection limit was 0n02 µg ml −" ). DME contents in soil collected from fields of S. altissima are shown in Table 1 . DME concentrations in soil water were below the detection limit (0n02 µg ml − "), although the maximum content of DME in the fresh soil was 4n47 µg g − ", which was similar to the results (6 µg g − ") reported by Kobayashi et al. (1980) . There was no relationship between DME contents in the fresh soils and the growth stages of S. altissima.
DISCUSSION
Occurrence of the less severe phytotoxicity in soil culture (Fig. 2 ) compared to agar culture (Fig. 1 ) might be due to soil factors dominating the fate of DME in soil. Chemicals are adsorbed, degraded and leached in soil and their phytotoxic activities are changed by these processes (Grover, 1988 ; Grover and Cessna, 1991) . In recent studies on phytotoxicity of herbicides, it was apparent that herbicide activity in soil depends on the concentration of these chemicals in soil water, but not on the amounts in the total soil . As plants can absorb chemical substances in soil water more easily, it is suggested that only the herbicides present in soil water are involved in phytotoxic activity (Kobayashi et al., 1994) . Furthermore the concentration of herbicides in soil water depends upon adsorption and degradation of these chemicals in the soil . This may also be true of DME ; most of the DME was adsorbed to soil solids and the concentrations in soil water were very low (around 1\10 to 1\20) compared to the amounts in the total soil (Fig. 5) . The amount of DME equal to I &! in soil (100 µg g − ") corresponded to a concentration in the soil water of 5 µg ml − " (Fig. 5) . This value was identical to the value of I &! in agar culture ( Fig. 1) and strongly suggests that the growth inhibition activity of DME in soil culture depends on the concentration in soil water. We assume that given the lower agar concentration the mobility and therefore availability of DME in agar culture does not differ from that in soil water.
The results of DME degradation in soil (Figs 3 and 4) show that microbial activity may be involved because degradation in the non-autoclaved soil was faster than in the autoclaved soil. It is also suggested that when more DME is present in soil, the DME concentration in soil water is maintained for a longer period (Fig. 3) and a larger inhibition activity could occur (Fig. 2) . It is again concluded that the inhibitory activity in soil culture is dependent on the change in DME concentrations in soil water. In this report, we did not consider DME metabolites, since DME was reported to be the most probable compound involved in the allelopathy of S. altissima (Kobayashi et al., 1980) . Although it can not be ruled out that DME metabolites may play some role in phytotoxicity, the results presented here confirm that phytotoxicity may primarily be related with DME present in the soil water.
In natural ecosystems, DME was not found in soil water under S. altissima communities (Table 1) , although the underground parts contained about 200 µg DME g − " fresh material (data not shown), and the whole soil contained up to 4n5 µg g − " DME. This amount is one-twentieth of the I &! value found in soil culture. Nakamura and Nemoto (1996) indicated that although S. altissima tissues contained DME at high concentrations, most of this DME was not released or leached from S. altissima. Kobayashi et al. (1980) reported that the concentration of DME in soil collected from the edge of a S. altissima community was approx. 6 µg g − ", which agrees with our findings (Table 1) . Little DME is released from S. altissima, and that which is released is mostly adsorbed to soil solids or degraded rapidly, probably by microbes. Thus the DME concentration in soil water remains very low and plant growth may be hardly inhibited by such low concentrations of DME in soil water. It is reasonable to conclude that DME, an allelochemical released from S. altissima plant tissues, has little allelopathic activity in natural conditions. It should be mentioned that if a lipophilic allelochemical such as DME exuded from allelopathic plants is directly transferred to the sink roots, the allelopathic effect might be significant. But since the amount of DME released by roots is small (Nakamura et al., 1996) , quantities of DME transferred through root contact from source to sink plants are probably small. The implications of transfer of allelochemicals by root-to-root contact should be investigated carefully. The presence of DME in soil water seems to be more important for phytotoxicity than direct transfer between roots.
